The increasing incidence of obesity and obesity-linked disease presents a serious global health threat. To develop truly effective therapies to modulate food intake and promote weight loss, we must understand the physiological regulators that underlie these processes. One crucial mediator of food intake and energy homeostasis is the adipose-derived hormone, leptin, which acts through neurons expressing the long form of the leptin receptor (LepRb). Although most investigation of leptin action has centered on the large population of LepRb neurons in the arcuate nucleus (ARC), this nucleus does not mediate all aspects of leptin action. Indeed, several hypothalamic and extrahypothalamic loci contain substantial numbers of LepRb neurons, each of which presumably mediates distinct aspects of leptin action, and the collective output of these various LepRb populations produces the totality of leptin function. This review will examine known central nervous system loci that contain LepRb neurons and the potential roles for discrete populations of LepRb neurons in the control of homeostatic and hedonic pathways by leptin. Understanding the unique neuroanatomical and functional roles for each locus of leptin action will be important to identify how specific aspects of food intake contribute to obesity. International Journal of Obesity (2009) 33, S14-S17; doi:10.1038/ijo.2009.66
Leptin signaling is crucial for normal energy homeostasis
The incidence of obesity is increasing rapidly, predisposing millions of individuals to obesity-linked diseases such as type 2 diabetes that result in reduced life expectancy. In addition to the considerable personal toll exacted by obesity and its complications, the ongoing treatment of these conditions throughout a patient's life poses a staggering health care cost. These costs will only become more apparent with the dramatic ongoing rise in juvenile obesity that precipitates earlier onset of complications. Clearly, therapies to prevent weight gain and facilitate weight loss are needed, but our limited understanding of the systems that govern energy homeostasis has hindered the development of truly effective treatments.
The discovery of leptin represents an important step in our understanding of how the body regulates food intake and energy homeostasis. Lack of leptin in rodents and humans results in obesity, diminished metabolic rate, hyperphagia and attenuated reproductive function. 1 Loss of the long form of the leptin receptor (LepRb) produces the same phenotype, showing the importance of leptin/ LepRb for normal physiology. 2 Although leptin is produced by adipocytes in approximate proportion to fat stores (that is, the more the adipose content, the more the leptin produced) and released into the circulation, LepRb is expressed, and leptin acts, primarily in the central nervous system on subsets of (primarily hypothalamic) neurons that control processes linked to the intake and expenditure of energy. 3 In aggregate, these clusters of LepRb neurons are essential for leptin function, but emerging data suggest that each LepRb-containing locus mediates differing components of leptin action. Thus, understanding the specific roles for each locus of LepRbexpressing cells within the distributed network made up of these neurons is central to understanding the totality of leptin function.
LepRb neuron-containing loci that modulate energy homeostasis
The majority of LepRb-expressing neurons in the brain are concentrated in the medial hypothalamus, particularly in the arcuate nucleus (ARC) and the ventromedial hypothalamus (VMH). 3 These loci have been characterized as 'satiety centers,' as the lesion of either site promotes hyperphagia and obesity. Given the abundance of LepRb neurons in the ARC and VMH and the wealth of tools made available to study these loci, they are the most often investigated and, consequently, best understood sites of leptin action.
The arcuate nucleus: a tale of two LepRb-expressing neuronal populations Of the mediobasal hypothalamic LepRb-containing loci, the ARC is the most thoroughly understood in terms of neuronal content, connectivity and function. The ARC contains two populations of LepRb neurons: one population contains the anorectic neuropeptides pro-opiomelanocortin (POMC) and cocaine-and amphetamine-regulated transcript (CART), whereas the other synthesizes the orexigenic neuropeptide Y and agouti-related peptide. 4 Leptin differentially regulates the neuropeptide content and electrical activity of these two ARC populations to reduce food intake and promote weight loss. For example, leptin not only stimulates the synthesis of POMC, which is processed to produce a-melanocyte-stimulating-hormone that activates the melanocortin-4 receptor and the melanocortin-3 receptor, but also increases depolarization (that is, firing) of POMC neurons. By contrast, leptin inhibits neuropeptide Y and agouti-related peptide and suppresses activity of these neurons. 5 This leptin-regulated system is thus tuned to respond to altered energy balance so as to return the system to baseline. For example, in the fasted state (that is, in the presence of low circulating leptin), the neuropeptide Y/agouti-related peptide neurons are primarily activated to promote food intake. Adequate levels of leptin that accompany sufficient adipose stores conversely inhibit the orexigenic neurons and activate the anorectic POMC neurons to attenuate eating. Thus, the ARC is a locus that uses dual antagonistic but inversely controlled LepRb neuronal populations to powerfully affect energy homeostasis.
The ventromedial hypothalamus: coordinating glucose sensing with satiety Leptin receptor neurons of the VMH are, to date, not defined by any particular neuropeptide neurotransmitter system. Most VMH neurons, including a large population of VMH LepRb neurons, express the transcription factor SF-1, however, and leptin signaling through these neurons contributes to leptinmediated glucose homeostasis and satiety. 6, 7 Whole-body deletion of SF1 induces obesity but not hyperglycemia, whereas selective depletion of LepRb from SF1 neurons leads to weight gain, hyperinsulinemia and glucose intolerance. 8, 9 VMH neurons express glucokinase, an important component of the glucose-sensing machinery, and the VMH acts as a major sensor of brain glucose levels. 10 Leptin treatment of the VMH promotes increased glucose uptake in peripheral tissues, though it is not clear whether this effect is mediated by direct connections with the sympathetic nervous system or through modulation of other hypothalamic neurons that project to the periphery. 11 Indeed, VMH neurons, potentially including VMH LepRb neurons, project to and activate POMC neurons in the dorsolateral ARC, and the modulation of these as well as other circuits likely contributes to the effects of leptin action in the VMH. 12 The brainstem: integrating information from the gut Satiation is the feeling of fullness that is an integral contributor to meal cessation. Satiation is regulated in large part by vagal connections from the gut to the hindbrain, particularly the area postrema and the nucleus of the solitary tract (NTS). Satiety/satiation signals from the gut can be mechanical (that is, when food causes stomach muscles to stretch) or neurochemical, through detection of gut hormones that are released in relation to stomach volume, such as ghrelin when the stomach is empty, or anorectic signals that include glucagon-like peptide-1, cholecystokinin and leptin. The NTS is a particularly important center for regulating autonomic processes, including digestion, and contains a locus of LepRb-expressing neurons. 13 Local application of leptin to the NTS suppresses food intake and activates neurons that are also regulated by stomach distension, suggesting a direct link between NTS LepRb neurons and feeding cues from the gut. 11 Leptin also synergizes with anorexigenic gut peptides glucagon-like peptide-1 and cholecystokinin to coordinate satiety signals at this locus. 14, 15 However, it remains unclear whether leptin acts directly through NTS LepRb neurons, or indirectly through inputs from the ARC, or both, to control hindbrain satiety signals. A further understanding of the circuitry of these hindbrain LepRb neurons will be crucial to understand how leptin coordinates actions in the central nervous system with signals from the periphery.
LepRb loci that regulate hedonic pathways
Metabolic need is not the only stimulus for food intakeF sometimes, we eat purely for pleasure. For example, after a meal we may feel full and have no further need for energy intake (that is, the physiological perception of satiation/ satiety), but when presented with the option of having dessert we go on to eat a piece of cake just because we know it will be tasty and pleasurable. This latter scenario describes 'hedonic' food intake. As our modern world is rife with highly palatable foods that are energy-dense, inexpensive and conveniently available, there is considerable opportunity for hedonic eating and intake of unnecessary energy that can lead to weight gain. Understanding the neural pathways that regulate hedonic intake could therefore identify important sites for therapeutic intervention to inhibit overeating. The incentive value of hedonic stimuli, such as alcohol, drugs of abuse, sex and food, is mediated in part by the mesolimbic dopamine (DA) system. 16 The ventral tegmental area (VTA) is the gateway to this system and is predominantly composed of GABAergic and DA-ergic neurons that project onto limbic output nuclei (such as the nucleus accumbens, caudate, putamen and amygdala) to mediate incentive salience. As detailed below, leptin also modulates the mesolimbic DA system, but ARC LepRb neurons do not directly project to the VTA. Although medial hypothalamic LepRb neurons could modulate the VTA indirectly (through their downstream actions), emerging evidence suggests that LepRb neurons in other loci likely influence this major component of the mesolimbic DA system, and may thus play crucial roles in the modulation of food reward by leptin.
The VTA: LepRb action at the gateway of the mesolimbic DA system Leptin-deficient mice show reduced expression of tyrosine hydroxylase (the rate-limiting enzyme in DA synthesis) in the VTA, as well as decreased somatodendritic vesicular DA stores. 17, 18 Although the electrical regulation of VTA DA neurons does not seem to be altered in leptin-deficient animals, 18 this reduction in available DA for release shows the importance of leptin for normal function of the VTA, and suggests that leptin action on the mesolimbic DA system is an integral part of metabolic regulation. One potential locus of leptin action on the mesolimbic DA systems may be within the VTA itself. Several groups have described a population of LepRb neurons in the VTA, many of which co-express tyrosine hydroxylase. 17, 19, 20 VTA LepRb neurons respond directly to leptin, and leptin action through these neurons may inhibit food intake and decrease the preference for palatable food. 20 It will be important to determine the striatal projection targets of the LepRbexpressing VTA neurons to understand which components of the mesolimbic DA system may be modulated by VTA leptin action. For example, do all VTA LepRb neurons project directly to the nucleus accumbens to regulate DA content, or do they project within the VTA and regulate other VTA neurons that project into mesolimbic output nuclei? Comparing the neuronal circuitry of VTA LepRb neurons with the circuits underlying other natural reward stimuli (for example, sex) or unnatural hedonic stimuli (drugs of abuse, alcohol) may illuminate possible points for specific pharmacological regulation of discrete hedonic pathways.
The lateral hypothalamus: a gateway to the mesolimbic DA system The lateral hypothalamic area (LHA) projects to several mesolimbic nuclei, including the amygdala, VTA and nucleus accumbens, and so is well positioned to modulate multiple aspects of the mesolimbic DA system. 16 Historically, the LHA has been characterized as a 'feeding center,' as bilateral LHA lesions ablate food intake. 21 Part of this effect can be explained by the presence of two populations of LHA neurons that contribute to energy balance: those expressing melanin-concentrating hormone (MCH) and a separate population that expresses orexin-A and -B (OX, also known as the hypocretins). 22 Although MCH neurons project to the nucleus accumbens and other regions of the brain, OX neurons send dense projections to the VTA and regulate drug-and food-associated reward signaling. [23] [24] [25] Thus, these neurons mediate effects on feeding and directly modulate the mesolimbic DA system. Although the exact mechanisms of MCH and orexin action are not yet known, treatment with either neuropeptide induces food intake in rodents, and their respective receptor antagonists ablate this response. 26, 27 Leptin inhibits the expression of MCH and OX in leptin-deficient animals and blocks the fastinginduced activation of orexin neurons, although it does not affect the activation state of MCH neurons, suggesting that leptin regulates these two populations through separate mechanisms and/or through distinct populations of LepRb neurons. As OX regulates arousal as well as food intake (both of which are modulated by metabolic state fasting promotes the waking state, but food intake reduces alertness), 28 leptin may regulate OX neurons differently than it does MCH neurons to balance metabolic need and arousal. Indeed, the phenotypes of mice deficient in MCH (lean) and those lacking orexin (hyperphagic, obese, narcoleptic) show that these neuronal populations play very different roles in the physiology of energy balance; accordingly, leptin regulation of these neurons is likely to serve distinct functions in energy homeostasis. 22 Thus, identifying the LepRb neurons that innervate and regulate each set of LHA neurons will be important for dissecting the mechanisms by which leptin regulates this gateway to the mesolimbic DA system.
Summary
Leptin regulates many diverse aspects of energy balance and metabolism, including glucose homeostasis, reproduction, satiety and hedonic food intake. Although these varied leptin actions are conveyed through a single receptor, LepRb, the distribution of LepRb in neurons within numerous central nervous system locations suggests that discrete aspects of leptin action could be controlled by distinct sets of LepRb neurons that lie in different loci. Indeed, identified populations of LepRb neurons each express unique complements of transcription factors and neuropeptides, and the individualized contents and sites of innervation for each set of LepRb neurons enable them to mediate a specific function. Going forward, defining the mechanisms of action for specific populations of LepRb neurons, including their neurotransmitter content and connectivity, will be crucial for understanding the function of each set of LepRb neurons, and, thus, how leptin regulates homeostatic and hedonic pathways.
